Abstract -As an increase of Photovoltaic (PV) cell temperature originates a negative effect, the application of a PV cell cooling system allows a performance improvement. Therefore, the present work aims to investigate the performance of a PV module transformed into a Photovoltaic/Thermal (PV/T) module, producing electrical and thermal energy simultaneously, while concurrently establishing a cooling system for the PV cells. The PV conversion efficiency is affected by modifications of the operation conditions particularly the ones concerning PV cell temperature and radiation due to the displacement of the system Maximum Power Point (MPP). In the present work the Maximum Power Point Tracking (MPPT) is performed using an algorithm based exclusively on PV cell temperature information with the particularity that the temperature measurements are perform without the use of any temperature sensors. The studied system performance is compared to a conventional PV using the same MPPT algorithm. The results show that the cooling system associated to the MPPT temperature based algorithm provides a bigger energy output leading to higher economic savings. In addition, it can help simplifying the MPPT algorithm by allowing the use of slower dynamic. 
Open Circuit Temperature Coefficient.
I. INTRODUCTION
The conversion of solar energy into electrical energy is accomplished using a Photovoltaic (PV) cell, which is affected by the operational conditions, particularly the ones concerning cell temperature and radiation levels as they directly affect the system output power. An increment in radiation levels enhances the output power while an increase in temperature reduces it [1] .
High levels of solar radiation denote more energy. However, it also means high PV cell temperature leading to a cutback of the PV system true potential, due to the negative effect of temperature rising. Thus, in recent years many works have focused on increasing the PV system efficiency through PV cell temperature influence [2] - [4] .
Alterations on the solar radiation levels and PV cell temperature originate the displacement of the PV system Maximum Power Point (MPP). Therefore, in order to guarantee that the PV system constantly operates on its MPP, many works suggest the use of Maximum Power Point Tracking (MPPT) algorithms. There are numerous MPPT algorithms each one using different kinds of inputs [5] - [9] , the most common use voltage and/or current measurements. However, some of the newest MPPT algorithms suggest using the PV cell temperature as an input to determine the MPP [8] , [10] , [11] .
In light of the aforementioned, one realizes that a way to maximize the PV module efficiency would be by combining a PV cell cooling technique with an MPPT algorithm based on the cell temperature.
A solar collector known as Photovoltaic/Thermal (PV/T) or hybrid has the ability to combine a PV module and thermal collector into a single unit, producing electrical and thermal energy simultaneously by performing a heat extraction from the PV cells. Therefore, the present work aims to analyse and compare the performance of a conventional PV module transformed into a PV/T, by simply attaching a heat exchanger, where water flows, to the PV module back surface. That way, the PV module becomes capable of producing electrical and thermal energy simultaneously, while concurrently establishing a cooling system for the PV cells. The PV/T module performance is compared to a conventional PV using the same MPPT algorithm, which is based exclusively on PV cell temperature information.
The PV cell temperature measurements are performed without the use of any temperature sensors, rather through measuring only the PV module Open Circuit Voltage (V oc ).
The study of a PV module transformed into a PV/T and the combination of a cooling system with an MPPT algorithm based exclusively on PV cell temperature, without the use of any temperature sensor, has not yet been presented in literature before. This paper begins by presenting a small explanation on how the PV module performance is affected by operation conditions. Afterwards, it is introduced the MPPT temperature open circuit voltage method, followed by a small literature survey about PV cooling. Subsequently, the experimental setup is described and lastly, the system analysis results are presented as well as suggestions for future research works.
II. PV MODULE CHARACTERISTICS
A PV module yields a unique Current (I) -Voltage (V) generation curve according to the levels of solar incident radiation and PV cells temperature. As presented in Figure 1 the location of the MPP moves randomly along the I-V plan as result of the verified changes in PV cells temperature and irradiation levels [11] .
The MPP moves horizontally (along the V axis) for temperature changes and vertically (along the I axis) for irradiance changes as presented in Figure 2 and 3, respectively. An increase in PV cell temperature originates the translation of the MPP towards the left, while an increase in irradiation levels moves it upwards [8] , [11] . Therefore, an increase of irradiation originates a power growing while a PV cell temperature rising leads to a power decrease. Fig. 1 . MPP across the I-V plan considering solar radiation and temperature changes [10] . 
III. MAXIMUM POWER POINT TRACKING SYSTEMS
The MPPT algorithms purpose is to ensure that the PV module operates constantly in its MPP, according to PV cell temperature and solar radiation levels. Typically, the MPPT is achieved by interposing a converter between the PV module and the load, where from the voltage and/or current measurements, the MPPT algorithm calculates the converter optimal Duty Cycle (D) in order to ensure MPP operation [6] , [7] , [12] , [13] . Figure 4 , presents a typical configuration of an MPPT system using a DC-DC type converter. Fig. 4 . Typical DC-DC converter MPPT configuration [11] .
Typical algorithms used to determine the MPP are Perturb and Observe (P&O), Incremental Conductance (IncCond), Constant Voltage (CV) and PV cell temperature based, even though many others exist in literature [8] , [9] .
An interesting alternative to the typical MPPT algorithms is the use of an MPPT algorithm based on PV cell temperature, where the problem concerning PV cell temperature variation, which severely modifies the MPP, can be avoided [8] .
The main advantage of the MPPT based on PV cell temperature algorithm is to unify the simplicity of implementation of the CV method with the velocity and accuracy tracking of the IncCond one [11] . However, temperature sensing in practical implementations can be a problematic issue due to irregular distribution of PV array temperature [5] . This problem can be avoided by measuring the PV module V oc .
A. MPPT Temperature -Open Circuit Voltage
In the MPPT-temp V oc method, the PV Cell Temperature (T PV ) is inferred uniquely from the PV module V oc , considering (1) [14] Looking at (1) it is clear that PV cell temperature depends uniquely of PV module parameters. From that information, and using (2) [8] , [11] , [14] , the MPP Voltage (V MPP ) is determined.
The MPPT PV cell temperature based method is similar to the constant voltage method and for this reason it is simple to implement [8] . By using V oc measurements to determine the PV module temperature the issue concerning the irregular distribution of PV array temperature is overcome. Figure 5 shows an example of an MPPT-temp V oc DC-DC converter implementation. After determining the MPP voltage, using the sensor measured Output Voltage (V out ), the converter D is set using the correspondent gain equation.
This MPPT algorithm can be considered simpler than the commonly used algorithms, since it requires the use of only two voltage sensors. One to measure the PV Module Output Voltage (V PV ) and other to measure the load voltage [16] . In addition, even though it is a temperature based MPPT algorithm, it dismisses the use of temperature sensors. It stands out that the practical implementation of the voltage sensors can be accomplished by means of a voltage divider.
IV. PV CELL COOLING
The PV cells are capable of absorbing up to 80% of the incident solar radiation. However, only a small percentage of this energy is converted into electricity, depending on the PV cell material. In this manner, the remainder energy is dissipated in the form of heat [15] .
High ambient temperature is normally associated with high radiation conditions leading to the increasing of PV cell temperature [16] . Therefore, due to the negative effects, associated with PV cell temperature rising, the main focus of several publish works has been finding ways of achieving a lower operation temperature, as comprehended by the published related reviews [2] - [4] .
One of the ways to reduce the temperature and take advantage of the dissipated heat is through a PV/T system. It combines PV cells and a thermal collector into a single unit, thus allowing the production of electrical and thermal energy concurrently by removing the heat dissipated from the PV cells. As the thermal energy is produced, through heat extraction from the PV cells, an improvement in efficiency conversion occurs, mainly due to a temperature decrease. The PV/T collector has a higher energy efficiency than the two systems working separately [17] , [18] .
There are different types of PV/T collectors with different configurations, although their main principle remains the same. The most common PV/T systems are the water and air based ones.
The PV/T water based systems perform best than the air based ones, due to the higher heat conduction ratio of the water [19] - [21] . Thereby, a water PV/T system was chosen for the present study.
V. PV CELL COOLING AND MPPT
As the PV module performance is severally affected by local environmental conditions, which are constantly changing, it would be interesting to combine an MPPT with a heat removal technique, whereas the information regarding the PV module temperature could be used by a MPPT method that uses an algorithm based on temperature control.
The use of a PV cell cooling system or heat removal technique allows the opportunity to use an MPPT temperature based algorithm while simultaneously enhancing the PV performance. However, most of the works, despite performing a PV cell temperature analysis, discard the importance of the employed an MPPT algorithm and the thermal information is not used to find and impose the MPP as the PV system operation point.
The studies that perform some kind of a temperaturerelated analysis and mentioned the use of an MPPT technique are [22] - [24] . However, the MPPT applied techniques, in those studies, do not use the PV cell temperature to perform the MPPT.
Moharram et al. [22] achieved the cooling of the PV module through the circulation of water on the front surface of the module, but the data concerning the PV cells module temperature is not used as an input to perform the MPPT. Instead, a P&O algorithm is applied to find the MPP.
Jardan et al. [23] also performed the study of PV/T collector, combined with an MPPT device. Nevertheless, that device uses an algorithm based on voltage and current outputs.
Bahaidarah et al. [24] executed PV module cooling by circulating water on the back surface of the module. The system efficiency and performance improvement is analyzed and it is mentioned the use of a commercial MPPT device. However, this MPPT device does not consider any information regarding the PV cell module temperature, in order to achieve the MPP.
Finally, Baloch et al [25] attached a converging thermal collector to the back surface of a PV to reduce PV cell module temperature. The employed commercial MPPT operates without a PV cell temperature input.
A system that is able to influence PV cell temperature can be combined with an MPPT algorithm based on temperature control, in order to determine and ensure MPP operation. Hence, it is believed that a PV/T system can be used to perform a temperature control of the PV cells, simplifying the MPPT algorithm, while at the same time providing an overall performance improvement, due to low PV cell temperature.
Given the above, it is clear the absence of any work that performs PV cell cooling and uses the PV cell temperature as an input to perform the MPPT through an algorithm, based on PV cell temperature control. Therefore, the main contribution of the present work is the study of a systems that combines a PV cell cooling technique with an MPPT temperature based algorithm.
VI. PROPOSED SYSTEM
As perceived in Figure 3 the MPP voltage remains practically constant, regardless of the variations occurred in the irradiation levels, providing that the PV cell temperature is preserved [10] . Therefore, a PV cell cooling system can help simplifying the MPPT algorithm by allowing the use of slower dynamic. As long as the system load behaves as a constant voltage source.
A. Experimental Setup
The experimental setup is composed of two KC200GT PV modules, where in one of those modules a heat exchanger was attached to the back surface through were water flows thus establishing a cooling system for the PV cells and creating a PV/T module. The setup is shown in Figure 6 and a schematic diagram is presented in Figure 7 . All measured system variables were recorded using an Agilent 34972A data logger (sampling time of 10 seconds) whereas for climatic data, it was used an LUFFT WS501-DT weather station. The climatic data was measured with a sampling time of 5 seconds, providing a mean value for each 10 minutes. The monitored climatic variables are irradiation, ambient air temperature and wind speed (Ws). The Ws was monitored because of its significant influence in PV cell temperature due to its effect on the convection heat transfer coefficient, between the glass cover and ambient air [26] - [28] .
1)
Cooling setup: The cooling system objective is restraining PV cell temperature rise and keep it as constant as possible. A 55 W water pump (GP-100C/CB) is responsible for imposing the water flow through the heat exchanger, using grid power, providing a mean flow rate of 4.21 l/min. The cooling water exits the tank, captures the PV cells wasted heat, and returns to the water tank (100 l), allowing heat storage and water recirculation. Consequently, there is no water renewal, therefore, the system operates as a closed system.
Water flow rate is measured with a flow meter, and the inlet and outlet water temperatures are measured using 10kΩ Negative Temperature Coefficient (NTC) type thermistors.
The PV module back surface and the heat exchanger are shown in Figures 8.a and 8 .b, respectively, in addition, the heat exchanger parameters are given in Table I . The PV module heat exchanger back surface fixation, which transforms the PV module into a PV/T, is presented in Figure 9 .a, whereas in Figure 9 .b are highlighted the different PV/T module components for a better understanding. In green is emphasized the module aluminum frame, in blue the heat exchanger and in red the heat exchanger back surface fixing brackets. 
2)
Electrical setup: Both PV modules are connected to their own DC-DC Boost type converter which are linked to a battery bank composed of eight 12 V battery associated in series/parallel making a total of 48 V. The schematic of the two used Boost converter is shown in Figure 10 and their specifications are present in Table II where, it can be comprehended that the two converter differ only in the value of inductor. So, any significant difference on performance is expected. The used MPPT algorithm is the Temperature -V oc and its flow chart is presented in Figure 11 . First the converter D is set to zero (interrupt = 1), so that the PV cell temperature difference (ΔT PV ) can be inferred, through the acquisition of the V oc and the PV module parameters. At the end of the interruption the duty cycle (D MPP ), that ensures PV module MPP operation, is calculated [14] . The KC200GT PV module parameters are given in Table III. To infer the PV cells temperature, it is necessary to assure that the system remains in open circuit for a minimum time, required for the PV module parallel placed input capacitor to reach full charge [14] . In this study case, the converter D is kept at zero for a period of 0.375 seconds. As temperature changes are not as dynamic as the ones in radiation, the interruptions to determine the MPP were set to be 30 seconds apart. Fig. 11 . MPPT algorithm flow chart [14] .
TABLE III KC200GT PV Module Electrical Specifications

VII. RESULTS AND ANALYSIS
The electrical measured variables were PV module open circuit voltage, for PV cell temperature calculation using (1), and electrical power. In Figure 12 is shown the test bench. The experiment was performed on September, 22 2017 at the Power Electronics Institute at Federal University of Santa Catarina, south of Brazil. Figures 13, 14 and 15 show the hourly radiation, ambient temperature and Ws curves, respectively, recorded during the experiment. The data was recorded between 10:00 and 14:00 hours, because this is the insolation period available at the test site due to shadowing issues as consequence of nearby buildings. Figure 16 demonstrates the Temperature (T) curves observed in PV cells for both the PV and PV/T system and Ws. It is clear that the cooling system was able to reduce the cell temperature, as well as assuring that it is less affected by the sudden changes in Ws. However, when the temperature of the PV module cells begins to decrease, due to the reduction in the irradiation levels, the PV/T module temperature keeps rising leading to an approximation of the two module temperatures at the end of the day. This is due to the fact that the water mass thermal inertia hinders the PV/T heat lost to the environment which may lead to a cut back in the electric output power at the end of the day. Figure 17 demonstrates the Electrical Output Power (Peo) for each system. As expected, due to a lower PV cell operating temperature, the PV/T provided power is higher. However, the PV/T system uses a water pump to provide fluid circulation. Therefore, it is necessary to perform a system energy balance, in order to determine the real output power. In other words, it is necessary to determine the difference between the electrical power delivered by the PV/T system and water pump consumption. Figure 18 shows the Overall Electrical Output Power (OPeo), which takes into account pump consumption. It is clear that the use of the water pump originates a deficit in the electrical overall output power of PV/T system despite its higher Po due to a lowest PV Cell operation temperature.
As mentioned before, a PV/T module produces electrical and thermal energy. Thus, the output energy of the overall system is obtained by taking into account those two types of energy. The rate of thermal energy (Q) transferred from the PV/T module to the circulating water was obtained through (3) where is the water mass flow rate, Cp the water specific heat, T fo and T fi temperature fluid out and inlet, respectively. Fig. 18 . PV and PV/T systems OPeo. Figure 19 exhibits the PV/T thermal energy output power and the cooling Water Temperature (W TEMP ). It is clear that as the thermal energy is gathered the water temperature rises confirming the production of thermal energy. For the calculation of the PV/T system output power, the water pump power consumption was taken into account and withdrawn from the produced power. However, despite of the water pump consumption, the PV/T system provides a higher OPo when compared to the PV system.
The power conversion efficiency of solar systems is defined as the ratio of the output power by the total module incident power [29] . Thus, the Efficiency Conversion (η) is given by (4) where A represent the PV cell module area and G the module incident solar radiation. Figure 21 shows the Conversion Efficiency (CEff) for both PV and PV/T systems as well as the Conversion Efficiency Improvement (CEff I ) provided by the transformation of the PV module into a PV/T. It is clear that the use of the heat exchanger allows a significant efficiency improvement. If the thermal energy is applied to reduce the electrical energy consumption, for example of an electric shower or boiler, the produced thermal energy can be accounted for as an electric energy gain. Meaning that the use of the heat exchanger can produce a substantial improvement, providing there is a local need for thermal energy. Figure 22 demonstrates the Overall Output Energy (OEo) and the correspondent Economic Savings (Es) for the PV/T and PV system, considering the OPo. As expected, the PV/T system presents a superior energy gain, which consequently leads to higher Es. The Es were calculate considering the value of 0.45985 Brazilian Real (BRL)/kWh as informed by the electricity utility for the southern Brazilian state of Santa Catarina (CELESC) for normal residential B1 type consumer for the city of Florianopolis, Santa Catarina, Brazil [30] . It was considered that all produced energy was consumed. For instance, the thermal energy would be used to reduce the load of an electrical boiler or shower, commonly used in Brazil. 
VIII. CONCLUSION
The analysed system has the disadvantage of the electrical consumption regarding the water pump, which yields a deficit on the electrical production of the system. Also, the water mass thermal inertia hinders a natural PV cell temperature decrease for the PV/T system which may lead to a cut back in the electric output power at the end of the day.
On the other hand, the PV/T system overall output power vastly exceeds the PV system. This is due to its capacity to produce thermal and electrical energy simultaneously.
From the energy point of view, the studied system provides a higher benefit, which consequently leads to larger economic savings, considering that there is a local need for thermal energy, thereby allowing, for example, the load reduction of an electrical boiler or shower.
The use of the cooling system reduces the amplitude of sudden MPP voltage changes, due to a slower temperature variation, therefore, permitting a MPPT algorithm simplification as result of a slower alteration on the converter D.
In light of the attained results, it is believed that the combination of a MPPT temperature based algorithm with a cooling system allows an energy and economic performance improvement while at the same time enabling the simplification of the MPPT algorithm. Therefore, the main contribution of the present work is to control the technology of electricity and heat generation from a single source (cogeneration), through a simple adaptation of a common a PV module into a PV/T, combined with an MPPT PV cell temperature based algorithm. In addition, by performing such transformation it is noticeable a decrease in the PV cell temperature oscillation, smoothing the MPP voltage and D adjustments, which facilitates and simplifies the design of the MPPT.
As suggestions for future works, the authors propose an analysis of the effects of thermal inertia on the electrical performance of the PV and PV/T system, and the conduction of a performance and economic analysis that considers the capital, operation and maintenance costs, for a long operation period, per example: for a period of 20 years using typical meteorological year data.
